Nitric oxide (NO) is essential to many physiological functions and operates in several signaling pathways. It is not understood how and when the different isoforms of nitric oxide synthase (NOS), the enzyme responsible for NO production, evolved in metazoans. This study investigates the number and structure of metazoan NOS enzymes by genome data mining and direct cloning of Nos genes from the lamprey. In total, 181 NOS proteins are analyzed from 33 invertebrate and 63 vertebrate species. Comparisons among protein and gene structures, combined with phylogenetic and syntenic studies, provide novel insights into how NOS isoforms arose and diverged. Protein domains and gene organization-that is, intron positions and phases-of animal NOS are remarkably conserved across all lineages, even in fast-evolving species. Phylogenetic and syntenic analyses support the view that a proto-NOS isoform was recurrently duplicated in different lineages, acquiring new structural configurations through gains and losses of protein motifs. We propose that in vertebrates a first duplication took place after the agnathan-gnathostome split followed by a paralog loss. A second duplication occurred during early tetrapod evolution, giving rise to the three isoforms-I, II, and III-in current mammals. Overall, NOS family evolution was the result of multiple gene and genome duplication events together with changes in protein architecture.
Introduction
Nitric oxide (NO) is known to play a variety of roles in mammals, ranging from regulation of blood flow, neurotransmission, and immune response, and this has stimulated extensive research into the structure, characterization and evolution of nitric oxide synthase (NOS), the enzyme responsible for NO production (Marletta 1994; Nathan and Xie 1994; Ghosh and Salerno 2003; Stuehr 2004; Stuehr et al. 2004; Agapie et al. 2009 ). In mammals, three NOS isoforms have been identified as the product of three distinct genes with specific profiles of expression, cellular/subcellular localization, regulation, catalytic property, and inhibitor sensitivity (Griffith and Stuehr 1995; Alderton et al. 2001) . Two of these genes, the neuronal (abbreviated as: nNos, Nos1, NosI) and the endothelial (abbreviated as: eNos, Nos3, NosIII) Nos, are constitutively expressed, and the biochemical activity of the enzymes rely on increasing intracellular calcium concentrations to produce low levels of NO for short periods of time. The third gene, macrophage inducible Nos (abbreviated as: iNos, Nos2, NosII), operates independently of the temporal influx of calcium and is mainly regulated at the transcriptional level by microbial products and/or cytokines, generating high and sustained amounts of NO.
Mammalian Nos genes were initially referred to as neuronal, endothelial, and macrophage inducible, following the cell type from which their products were isolated (i.e., neurons, vascular endothelium, and immunoactivated macrophage cell lines). However, it is now clear that each of these enzymes is produced in more than a single cell type or tissue. For instance, the neuronal Nos is also expressed in skeletal and cardiac muscle, pancreatic islets, kidney, endometrium, respiratory, and gastrointestinal epithelia (Nakane et al. 1993; Nathan and Xie 1994; Griffith and Stuehr 1995; Xu et al. 1999) . The endothelial Nos has been discovered also in cardiac myocytes, brain, and kidney epithelium (Griffith and Stuehr 1995; Feron et al. 1996) . The inducible Nos expression has been studied in a variety of cells, including cardiac myocytes, glial cells, vascular smooth muscle cells, hepatocytes, chondrocytes, keratinocytes, and macrophages (Schulz et al. 1992; Nathan and Xie 1994) . Furthermore, a simple attempt to distinguish between constitutive (NOSI and NOSIII) and inducible (NO-SII) isoforms based solely on physiological performance may not be straightforward (Michel and Feron 1997; Alderton et al. 2001; Bryan et al. 2009 ). Indeed, inducible NOS may act constitutively in some cells, such as cardiomyocytes and airway epithelium cells (Guo et al. 1995; Buchwalow et al. 2001) . On the other hand, the expression of constitutive NOS may be induced under different conditions, including hemodynamic shear stress, nerve injury, and sex hormones (Weiner et al. 1994; Dudzinski et al. 2006; Conti et al. 2007 ). On these bases, we adopt the NosI, NosII, and NosIII gene nomenclature, which reflects the chronology of their identification.
Vertebrate NOS isoforms share structural similarity: They are homodimeric, heme-containing flavoproteins composed of a reductase and an oxygenase domain. The reductase domain has binding sites for flavin mononucleotide (FMN), flavin adenine dinucleotide (FAD), and nicotinamide adonine dinucleotide phosphate reduced (NADPH) and is responsible for providing electrons to the oxygenase domain. In the latter, heme activates oxygen through the intervention of the cofactor tetrahydrobiopterin (BH 4 ), with consequent production of NO from arginine. Moreover, the reductase and oxygenase domains are linked by a calmodulin (CaM)-binding site that functions as a hinge to align the two domains (Griffith and Stuehr 1995; Ghosh and Salerno 2003) . Although the binding sites for heme, BH 4 , CaM, FMN, FAD, and NADPH occur in all three mammalian NOS, some structural features specific of each isoforms are present that are related to protein function or cellular/subcellular localization: 1) an N-terminal PDZ domain specific of NOSI targets this isoform to synapses in brain and skeletal muscle (Cho et al. 1992; Brenman et al. 1995) , 2) acylation by both myristate (Gly2) and palmitate (Cys15 and Cys26) is required for efficient localization of NOSIII to the plasmalemmal caveolae of endothelial cells (Liu et al. 1995 (Liu et al. , 1997 and an N-myristoylation consensus sequence site has been also reported to be of functional significance in NOSIII (Lamas et al. 1992; Sessa et al. 1992) , and 3) the lack of the inhibitory loop in the middle of the FMN-binding subdomain is the distinguishing feature of NOSII, which makes this isoform independent of Ca 2þ (Salerno et al. 1997; Daff et al. 1999) . In contrast, the presence of this loop controls the Ca 2þ /CaM-dependent electron transfer in the constitutive NOSI and NOSIII isoforms. The distinction of the different NOS isoforms is therefore typically based on the amino acid (aa) sequence similarity with mammalian NOS, focusing on the presence or absence of the inhibitory loop, the myristoylation and palmitoylation motifs, and the PDZ domain.
The origin of NOS in metazoans and the evolutionary events responsible for the functional and structural specialization of the different isoforms are still open questions. Genomic and functional analyses indicate that NOS-like enzymes are present in bacteria (Crane et al. 2010) . The bacterial enzymes are generally smaller than metazoan forms because they have only the oxygenase domain highly homologous to the mammalian counterpart and produce NO utilizing nonspecific cellular reductases (Gusarov et al. 2008 ). These prokaryotic forms have been considered to be the precursors of metazoan NOS, which originated during evolution by the fusion of a bacterial oxygenase domain to a dedicated reductase domain. Recently, it has been reported that NOS from the bacterium Sorangium cellulosum contains a covalently attached unique reductase domain, but the different arrangement of the domains in the bacterial and metazoan enzymes suggest independent events in prokaryotic and eukaryotic lineages (Agapie et al. 2009 ).
Within metazoans, most invertebrate species have a single Nos gene (Regulski and Tully 1995; Yuda et al. 1996; Nighorn et al. 1998; Luckhart and Rosenberg 1999; Davies 2000; Imamura et al. 2002; Scheinker et al. 2005; Godoy et al. 2006; Moroz and Kohn 2007; Comes et al. 2007; Matsuo et al. 2008) . This gene appears to encode a constitutive neuronal-like isoform, suggesting that a synaptic role might be ancestral to the NOS family. In contrast, the constitutive Nos of the insect Bombyx mori is expressed at low level in larval tissues and it is strongly induced in the fat body after bacterial infection (Imamura et al. 2002) and the NOS counterpart of the cnidarian Discosoma striata lacks the element responsible for calcium dependence, typical of constitutive NOS, supporting the ancient origin of the inducible role of the enzyme (Moroz and Kohn 2007) . The analysis of invertebrate species with multiple NOS has added even more confusion. For instance, of the two 90% identical NOS orthologs identified in the central nervous system of the pond snail Lymnaea stagnalis, one, abbreviated as Lym-nNos2, is constitutively expressed, and the other, Lym-nNos1, is induced during memory consolidation (Korneev et al. 2005; Korneev and O'Shea 2007) . In the crustacean Daphnia, two Nos genes have been recently reported, as the result of an ancient gene duplication and subsequent divergence from other arthropods (Labbé et al. 2009; McTaggart et al. 2009 ). After functional analysis, the inducible or constitutive role of Daphnia NOS remains uncertain (Labbé et al. 2009 ). The lack of direct correspondence between protein configuration and function makes the understanding of the evolution and differentiation of this gene family in invertebrates extremely difficult.
In addition, it is also unknown which enzyme can be considered as the ancestral isoform of vertebrates or when the NOSIII isoform appeared. As to the latter issue, NOSIIIlike immunoreactivity was reported in different tissues of fishes, including heart, kidney, retina, endothelium, and gills (Haverkamp et al. 1999; Fritsche et al. 2000; Ebbesson et al. 2005; Tota et al. 2005 Tota et al. , 2007 Amelio et al. 2008) . Physiological experiments using NOS inhibitors have revealed the involvement of an endothelial NO-dependent modulation of cardiac performance in fish heart (Garofalo et al. 2009 ). In line with these results, chemical removal of the endothelium prevented the production of NO during hypoxia in rainbow trout (McNeill and Perry 2005) . In contrast, a study on the Australian eel indicates the absence of NOSIII in vasculature and suggests that neurally derived NO contributes to the maintenance of vascular tone in this species (Jennings et al. 2004 ). Moreover, NADPH-diaphorase and immunohistochemistry assays were unable to detect the presence of NOSIII in vascular endothelial cells of Andreakis et al. · doi:10.1093/molbev/msq179 various fish and amphibian species (Donald and Broughton 2005) . These results, coupled with the typical NOS staining pattern obtained in endothelial cells of blue-tongue lizard, led to suggest that NOSIII first appeared in reptiles (Donald and Broughton 2005) . This hypothesis was further supported by the fact that no NosIII gene sequences had ever been reported from a fish (Holmqvist et al. 2007) .
Here, we make use of the growing body of genomic databases to deduce the composition of the Nos gene family in numerous vertebrate and invertebrate lineages and propose a possible scenario of NOS evolution from the ancestral metazoan enzyme to the current mammalian configuration.
Materials and Methods

Identification of NOS Sequences
Three main abbreviations were encountered for NOS protein and gene names (see Introduction). Because a uniform nomenclature is essential for future automated data mining and gene/protein annotations (Fundel and Zimmer 2006) , here we adopt and suggest a nomenclature for ''NOS'' proteins and ''Nos'' gene sequences following guidelines for the nomenclature of genes, genetic markers, alleles, and mutations in mouse and rat genomes, revised in March 2009 (http://www.informatics.jax.org/mgihome/ nomen).
Human NOSI, NOSII, and NOSIII protein sequences were used as starting queries for TBlastN searches (Altschul et al. 1997) In lamprey, we used the same search strategy to identify contigs containing Nos sequences. Because the lamprey contigs contained partial Nos sequences, we used in silico and experimental strategies to reconstruct a complete Nos gene. Thus, two contigs were joined in silico because they overlapped their terminal regions, whereas an additional contig was connected by polymerase chain reaction (PCR) amplification of a genomic fragment filling the gap between contigs (primers used are listed in the supplementary fig. S1 , Supplementary Material online).
The amplified PCR fragment was cloned and sequenced. Gene structure was deduced after merging the genomic sequence with four different ESTs (supplementary table S1, Supplementary Material online) and by comparison with well-characterized Nos loci described in other species.
Phylogenetic Analysis NOS sequences cloned from Petromyzon marinus and all isoforms gathered from published genomes, databases, and ESTs were aligned using the ClustalW algorithm (Thompson et al. 1994 ) with default parameters implemented in BioEdit v7.0.9 (Hall 1999) . First, a preliminary phylogeny was inferred by including all sequences using the neighbor joining (NJ) algorithm and bootstrapping support for the nodes (1,000 pseudoreplicates) as implemented in PAUP* 4.0b10 (Swofford 2002; Windows version) for initial superfamily identification in vertebrates and exploration of the data. Then, the human NOSI sequence from residue D352 to G1401 was taken as a reference to set the length of the data sets and to avoid regions of unreliable alignment at the extremities of the proteins. Sequences that spanned less than 50% of the human NOSI and had more than 10% of missing characters over the total number of aa per sequence were excluded from the final calculation to avoid erroneous arrangements and increase the power of the nodal support. Three working data sets containing 1) 36 invertebrate, 2) 109 vertebrate, and 3) 73 selected invertebrate and vertebrate sequences were retained and the alignment procedure was repeated. Ambiguously aligned regions, due to the presence of increasingly divergent taxa (i.e., sequence fragments of variable length present in single sequences), were manually removed to improve phylogenetic reconstruction (Talavera and Castresana 2007) . The alignment was further refined by visual inspection using the sequence editor of Bioedit v7.0.9 and these data sets were stored for further analyses. Likelihood scores for combinations of candidate models of protein evolution and corrections for the best-fitting parameters were computed in ProtTest v2.0 (Abascal et al. 2005) . The best aa substitution model for the data was thereafter calculated using an Akaike information criterion, a second-order Akaike information criterion correction, and a Bayesian information criterion. The ProtTest software identifies the model for protein evolution that best fits a given set of sequences. The models compared represent empirical substitution matrices (Whelan and Goldman, LG, mtREV, Dayhoff, DCMut, Jones, Taylor, and Thorton [JTT], VT, Blosum62, CpREV, RtREV, MtMam, MtArt, HIVb, and HIVw) that include relative rates of aa replacement and specific corrections (gamma distribution, proportion of invariable sites, and observed character frequencies) to account for the evolutionary constraints imposed by conservation of protein structure and function (Abascal et al. 2005) . Finally, the most appropriate model for protein evolution that had the best fit to the data together with the best-fitting parameters were used to constrain NJ and maximum likelihood (ML) phylogenies and set the priors for Bayesian phylogenetic analysis. The topologies obtained with the aforementioned default tree reconstruction strategy did not differ significantly with topologies obtained after the alignment algorithm was constrained with the ProtTest output. ML and NJ ProtTest-constrained analyses were performed in the PHYLIP package v3.68 (Felsenstein 1989) using the PROML and the PROTDIST/NEIGH-BOR modules. Bootstrap support for individual nodes (Felsenstein 1985) was calculated on 1,000 replicates using the same methods, options, and constraints as in the tree inferences. Bayesian phylogenies and posterior probabilities of individual clades were calculated using a variant of the Markov chain Monte Carlo algorithm (Larget and Simon 1999) as employed in MrBayes v3.1.2 (Huelsenbeck and Ronquist 2001) . Two runs of four Markov chains (three heated and one cold) were run for 1,000,000 generations using random starting trees and the same model employed in branch length estimates, with trees saved every 100 generations. We assumed the two runs have reached the stationary distribution when the value for the standard deviation of split frequencies achieved values below 0.01. Burn-in was determined by plotting parameters across all runs for a given analysis: All trees prior to stationarity and convergence were discarded, and a consensus tree was calculated from the remaining trees.
ML Mapping
The ML mapping approach implemented in TREE-PUZZLE v5.2 (Schmidt et al. 2002) was used to investigate the amount of phylogenetic signal versus noise in each of four data sets (vertebrate isoforms without outgroup comparison, outgroup compared vertebrate isoforms, invertebrates, and vertebrates/invertebrates data set) and investigate the support for the internal branching order of the three NOS isoforms subtree within each dtat set. In the latter analysis, three data sets were created (only vertebrate isoforms, vertebrate isoforms outgroup rooted with Ciona/amphioxus, and vertebrate/invertebrate NOS sequences). NOS proteins were grouped into clusters (NOSI, NOSIII, NOSII, invertebrate NOS, outgroup NOS), and ML mapping analyses were run in TREE-PUZZLE v5.2. Priors for individual runs were constrained with the best-fitting substitution model identified by ProtTest. TREE-PUZZLE v5.2 uses the quartet puzzling algorithm in a three-step process to reconstruct all possible ML trees for quartets of species sequences and finally compute a multispecies majority rule consensus tree from all the intermediate trees. By doing so, the program provides confidence values that tend to be more conservative than the bootstrap values. The quartet topology posterior weights are then plotted into a 3D coordinate system represented by a triangular surface ). This enables the evaluation of the phylogenetic information and its distribution within the data set. If clusters of sequences are analyzed, the corresponding ML mapping triangle diagram is useful to elucidate in detail support for internal clades or groups of sequences in a tree topology .
Intron/Exon Structure and Phase Analysis
Gene structures were deduced after merging the genomic sequences with ESTs when available or by comparison with well-characterized Nos genes described in other species. Nucleotide coordinates for the start and end of each exon were extracted from gene annotations from different software and databases (NCBI or JGI) using custom Perl scripts (D'Aniello et al. 2008; Irimia and Roy 2008) . With these coordinates, it is possible to calculate the nucleotide length of each exon and the codon reading frame and therefore assign the position and phase of each intron (an intron is in phase 0, 1, and 2 if it falls before the first, second, and third bases of a codon, respectively; supplementary fig. S2 , Supplementary Material online).
Syntenic Analysis
It has been proposed that the complexity of vertebrate genomes originated by means of two rounds (2R) of genome duplication at the base of the vertebrate lineage (Ohno's 1970 ''2R'' hypothesis revised in Robinson-Rechavi et al. 2004; Blomme et al. 2006) . We tested the 2R origin of vertebrate Nos analyzing the syntenic conservation. In a vertebrate gene family derived from the 2R episode, conservation is expected in the genomic neighborhoods surrounding each member of the family. Specifically, if human NosI, NosII, and NosIII derived from the 2R events, a certain degree of syntenic conservation should be observed among the genomic neighborhoods of the human chromosomes containing Nos genes, that is, Hsa12 (Homo sapiens chromosome 12) for NosI, Hsa17 for NosII, and Hsa7 for NosIII. On the contrary, if the vertebrate Nos derived from gene-specific duplications, no syntenic conservation in the genomic neighborhoods of Nos genes should be detected. We analyzed the presence or absence of synteny conservation using the Syntenic Database developed by Catchen et al. (2009) . A dotplot analysis was performed in which paralogs of each gene (red crosses) within a 20 Mb-window surrounding Nos gene in Hsa12 (x axis) were plotted throughout the 23 human chromosomes (y axis). To detect losses in the Nos set in fish genomes, we graphically represented the distribution of orthologous genes within the primary genome (each chromosome of each fish species along the y axis) and the selected region of the chromosome in the outgroup genome (10 Mb centred around Nos genes in Hsa12 and Hsa17 on the x axis).
Results
NOS Sequences Sorting and Isoform-Specific Domain Assessments
In this work, 181 NOS proteins were analyzed from 33 invertebrate and 63 vertebrate species. Particularly, 24 new NOS orthologs were deduced by in silico identification from genomic and EST databases, complemented with PCR amplification for the agnathan P. marinus. Sequence information from P. marinus represents a key element to study NOS evolution through agnathan/gnathostome transition. Supplementary Material online summarize species names, structural features (gene and protein size, number of intron/exons, presence/absence of functional domains), and accession numbers of genomic and EST sequences from public databases used in this work. The length of Nos genes and proteins ranged from 7.3 to 118.3 kb and from 1,010 to 1,729 aa, respectively. Deduced NOS proteins were examined for the presence of the domains responsible for binding cofactors (table 1) . These domains-that is, heme, BH 4 , CaM, FMN, FAD, and NADPH-were highly conserved in all animal NOS, whereas the presence of domains defining the three isoforms-PDZ domain, inhibitory loop, myristoylation, and palmitoylation motifs-was differently observed though not always ascertainable. From the avian genomes analyzed, NOSI and NOSII retrieved from Gallus gallus carried the PDZ domain and lacked the inhibitory loop, respectively. Two partial G. gallus sequences (233 and 138 aa) were identified as NOSIII based on sequence similarity (see below), but they were not included in the domain analysis due to their limited length. Full-length NOSI and NOSII sequences were also identified in the avian species, Taeniopygia guttata. Short fragments of NOSII were gathered from other birds such as Meleagris gallopavo (AAO88090, 76 aa) and Coturnix coturnix (ABA55009, 123 aa), but their incomplete sequence was not included in the final phylogenetic analysis. Three Nos orthologs were identified in the genomic sequence of the reptilian species Anolis carolinensis, from scaffold_1388:38726-81724, scaffold_123:2428541-2462417, and scaffold_1022:134811-170865 (http://www. Gray arrowheads denote intron positions conserved in nonbilaterian phyla. White arrowheads denote lineage-specific introns. Notice that NOSA/B/C or NOS1 nomenclature does not denote gene or protein orthology. Each intron phase is highlighted with a specific color. Human, Homo sapiens; lamprey, Petromyzon marinus; ascidian, Ciona intestinalis; amphioxus, Branchiostoma floridae; sea urchin, Strongylocentrotus purpuratus; limax, Lehmannia valentiana; lottia, Lottia gigantea; capitella, Capitella capitata; drosophila, Drosophila melanogaster; pea aphid, Acyrthosiphon pisum; daphnia, Daphnia pulex; nematostella, Nematostella vectensis; and tricoplax, Trichoplax adhaerens. The color version of fig. 1 can be viewed in the supplementary material online.
broad.mit.edu/models/anole/). The corresponding proteins were classified as NOSI, NOSII, and NOSIII following sequence and domain analysis. Reptilian NOSIII showed the inhibitory loop but lacked the myristoylation consensus sequence and the palmitoylation site at the N-terminal end. A NosI gene was gathered from a second reptile, Aspidoscelis uniparens. Notably, full-length sequences of all three NOS isoforms were obtained also from the amphibian Xenopus tropicalis. The sequence of the amphibian NOSIII showed the inhibitory loop but lacked the region where myristoylation and palmitoylation sites are normally positioned (Lepiller et al. 2009 ). Only NOSI was retrieved from the incomplete genome sequencing of the sister species X. laevis (Peunova et al. 2001 ). Several NosI and NosII genes were encountered in teleostean and chondrichthyan fishes, but never a NosIII isoform. Of the 12 teleostean species analyzed, only two-Danio rerio (Poon et al. 2003 (Poon et al. , 2008 Lepiller et al. 2009 ) and Oncorhynchus mykiss (Wang et al. 2001 )-showed both NOSI and NOSII forms. Among chondrichthyans, NOSI was retrieved in Callorhinchus milii and Squalus acanthias and NOSII in Scyliorhinus canicula. In lamprey, we deduced a complete Nos gene, named NosA, split in three contigs: 4527, 7080, and 9435. Manual reconstruction allowed us to join contigs 4527 and 9435 because they overlapped in 474 nt of their terminal regions. Furthermore, contigs 4527 and 7080 were linked by PCR amplification of a genomic fragment, filling the gap between the two sequences and confirming the deduced NosA structure (GU561618). The presence of an EST (FD718930) overlapping with contig 4527 and 7080, further validated the reconstructed gene model. Gene structure was deduced after merging the genomic sequence with four different EST (supplementary table S1 [Supplementary Material online]: FD722588, FD714444, FD718930, and EB083238) and by comparison with well-characterized Nos loci described in other species. Two extra sequences in the lamprey genome showed similarity with human Nos sequences. The first one in the contig 2112 and named NosB was predicted to encode the first seven translated exons, whereas the second one, NosC in the contig 38383, included exons 8-13. Whether these two sequences belong to the same NosB gene or to different genes require further investigation. NOSA showed features of NOSI based on the presence of the inhibitory loop and sequence similarity (see below), although it lacked the PDZ domain. Lamprey NOSB was a partial sequence, which showed high similarity (73%) with NOSA. Interestingly, NOSB contained a myristoylation consensus sequence, typical of NOSIII.
Among invertebrate chordates, a single Nos gene was identified in two tunicate species, Ciona intestinalis and Ciona savignyi. These NOS homologs had the PDZ domain and the inhibitory loop in accordance with a NOSI nature. In cephalochordates, three Nos genes, NosA, NosB, and NosC, were identified in the genome of Branchiostoma floridae, with NOSA and NOSC having PDZ and inhibitory loop and NOSB holding the features of NOSII due to the lack of both domains. Notice that amphioxus NOSA corresponds to the previous reported BfNOS sequence (Godoy et al. 2006) . In nonchordate deuterostomes, a partial sequence was identified in the hemichordate, Saccoglossus kowalevskii, which lacked the inhibitory loop, being suggestive of the NOSII character. In echinoderms, two predicted NOS sequences were retrieved from the genome of the sea urchin, Strongylocentrotus purpuratus. Both deduced proteins exhibited the inhibitory loop in line with a constitutive nature. In particular, NOSA contained the PDZ domain, indicative of a neuronal character.
In this study, new protostome NOS sequences were identified from annelid (Capitella capitata), mollusc (Lottia gigantea), and arthropod (Acyrthosiphon pisum) species. These NOS proteins were similar to the constitutive forms because they possessed the inhibitory loop, although the PDZ domain was only identified in the Lottia sequence. The NOS sequence from other molluscs (Aplysia californica, Lehmannia valentiana, L. stagnalis, and Sepia officinalis) and arthropods (Aedes aegypti, Anopheles gambiae, Anopheles stephensi, Apis mellifera, B. mori, Drosophila melanogaster, Drosophila pseudoscura, Gecarcinus lateralis, Gryllus bimaculatus, Luciola cruciata, Luciola lateralis, Manduca sexta, Rhodnius prolixus, and Tribolium castaneum) had the inhibitory loop. The majority of these proteins lacked the PDZ domain except for L. valentiana as previously reported (Matsuo et al. 2008) . In Daphnia pulex and D. magna NOS1 and NOS2 differ for the inhibitory loop, which is absent in the latter. In basal metazoans, we identified a Nos gene sequence in the cnidarian genome of Nematostella vectensis. This gene encodes a protein characterized by a NOSI/NOSII mixed nature, as shown by the presence of the PDZ domain and the absence of the inhibitory loop. In contrast, NOS from another cnidarian species (D. striata) lacks both PDZ and loop (Moroz and Kohn 2007) . Three NOS sequences from the placozoan Trichoplax adherens were predicted to be constitutive forms as they had the inhibitory loop, with NOSA also containing the PDZ domain. Finally, partial NOS sequences from Pleurobrachia pileus (Ctenophora) and Oscarella carmela (Porifera) disclosed an inducible and constitutive configuration, respectively.
Gene Structure: Intron Positions and Phases
Intron positions in Nos genes were remarkably conserved in all animal lineages analyzed from placozoans to mammals. A comparison of Nos gene structure, inferred from 13 selected species, indicated that at least 24 intron position and phases were conserved in most animal lineages ( fig. 1  and supplementary fig. S2, Supplementary Material online) . Even fast-evolving species like Ciona and Drosophila retained a significant number of introns and phases: 24/ 24 (100%) and 14/24 (58.3%), respectively. Interestingly, six extra introns were shared by cnidarian and placozoan genes, suggesting that these introns were lost in the common ancestor of bilaterians or that they are lineage specific.
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Genealogical Inferences
NOS Genealogy in Invertebrates
Thirty-six invertebrate NOS protein sequences representing seven animal phyla were used to reconstruct phylogenies by ML, NJ, and Bayesian inference (BI). A single group of protostome NOS enzymes were split in two subclusters of lophotrocozoan (molluscs and annelids) and ecdysozoan (arthropoda) sequences ( fig. 2) . Most protostomes possessed a single Nos gene, although lineage-specific duplications were detected in L. stagnalis, B. mori, D. pulex, and D. magna. Phylogenetic analysis of deuterostome sequences revealed that NOS enzymes from echinoderm, cephalochordate, tunicate, and vertebrate taxa clustered separately in four lineage-specific groups. Collectively, however, deuterostome NOS proteins were not resolved according to taxonomical expectations. Topology of the deuterostome NOS phyologeny indicated that the multiple Nos genes encountered in S. purpuratus, B. floridae, and vertebrates derived from independent duplication events during the evolution of each taxon. Therefore, the three vertebrate NOS are equally related to the invertebrate NOS enzymes and, under a phylogenetic perspective, none   FIG. 2 Phylogenetic reconstruction of NOS enzymes generated by ML method based on alignments starting at the oxygenase domain (D352 of human NOSI). Similar tree topologies were supported by NJ and by Bayesian inference methods. Numbers on nodes represent ML and NJ bootstrap support for that node (number of pseudoreplicates n 5 500 for ML, n 5 1,000 for NJ) and posterior probabilities for BI (number of generations n 5 1,000,000), respectively. Poorly supported nodes (,70%) were collapsed. The names of the new NOS sequences analyzed in this work are depicted in bold. Dots denote that at least seven lineage-specific duplication events have taken place along metazoan Nos evolution. The basal position of Daphnia NOS sequences might be due to differences in the evolutionary rate because Daphnia Nos genes are diverging faster than other invertebrates Nos genes (Labbé et al. 2009). of those can be considered as the ancestral vertebrate NOS. Finally, a number of nonbilaterian NOS sequences were retrieved from several basal metazoans and used as genealogical outgroups. Among these, a single NOS sequence was identified in the cnidarian N. vectensis (this work) and D. striata (Moroz and Kohn 2007) , whereas three sequences were found in the placozoan T. adherens. Phylogenetic analyses suggested again lineage-specific duplications in placozoans ( fig. 2) .
NOS Genealogy in Vertebrates
The final data set of vertebrate NOS consisted of 42 NOSI, 40 NOSII, and 27 NOSIII isoforms, all engaged to reconstruct a comprehensive vertebrate NOS genealogy (alignment length, 1,115 aa; model selected by ProtTest, JTT with estimated aa frequencies, proportion of sites to be invariable I 5 0.01, and gamma distribution shape parameter a 5 1.1). Cephalochordate and tunicate homologs were used for outgroup comparisons (supplementary fig. S3 , Supplementary Material online). To explore genealogical relationships in a wide evolutionary context, a selected panel of vertebrate sequences was merged with a representative set of invertebrate NOS sequences (a total of 73 orthologs; alignment length 1,172 aa; 1.6% of unresolved quartets), and placozoans were used for outgroup comparisons ( fig. 3 ; model selected by ProtTest, JTT with proportion of sites to be invariable I 5 0.05, and gamma distribution shape parameter a 5 1.12). In both phylogenetic reconstructions, ML and Bayesian Method analyses reproduced similar topologies with minor differences only in resolving relationships of terminal taxa within otherwise well-supported clades. All computations in both data sets unambiguously grouped NOSI, NOSII, and NOSIII isoforms in three well-supported monophyletic clusters. The two NOS sequences from the agnathan P. marinus, NOSA and NOSB, occupied a basal position in the NOSI group, whereas chondrichthyan NOS isoforms grouped within NOSI (S. acanthias and C. milii) and NOSII (S. canicula) clades. There was no evidence for a NosIII gene in agnathans, chondroychthyans, and teleosts. The NOSIII isoform appeared, therefore, a tetrapod-specific feature, whereas NOSI and NOSII diverged before the teleost-tetrapod split. The origin of NOSIII in early tetrapods is in contrast, however, with the tree topology in fig. 3 in which NOSIII grouped outside the tetrapodfish NOSI cluster. Differences in branch lengths observed among subclades of vertebrate NOS isoforms are an indication of unequal evolutionary rates, which might lead to erroneous inferences. Topological artefacts are observed when paralogous genes characterized by extreme sequence divergence, as in the case of the Nos genes, are merged in a single alignment. This might alter the phylogenetic signal and distort topological patterns between members of a protein family that evolve at different speed (Takahata 1989; Maddison 1997; Kubatko and Degnan 2007) . A synteny analysis of the surrounding genomic regions for human and fish Nos loci was thereafter undertaken in order to further understand the historical and evolutionary processes responsible for the observed relationships of Nos paralogs and orthologs within vertebrates.
Synteny Analysis of Vertebrate Nos
Vertebrate genomes have experienced two rounds of whole-genome duplication events (R1 and R2) that occurred during early vertebrate evolution (Ohno's 1970 ''2R'' hypothesis revised in Robinson-Rechavi et al. 2004; Blomme et al. 2006) . A third additional round of genome duplication (R3) occurred at the base of teleost radiation (Amores et al. 1998; Meyer and Schartl 1999; Blomme et al. 2006) . As a consequence, conserved synteny, namely the tendency of neighboring genes to retain their relative positions and orders on chromosomes over evolutionary time, is expected among orthologous genes of different species or between paralogous genes within a species. Dotplot analyses identified synteny between the genomic neighborhood of Nos genes in Hsa12 (H. sapiens chromosome 12 NosI) and Hsa17 (NosII), but no obvious conserved synteny was found between the genomic neighborhoods of NosIII on Hsa7 and NosI (Hsa12) and NosII (Hsa17) (fig. 4) . These results suggested that human NosI and NosII derived from a large-scale duplication event, whereas NosIII might have arisen by independent gene duplication not involving large chromosomal regions.
The third whole-genome duplication event (R3) likely occurred in teleosts after the divergence of ray-finned and lobe-finned fishes (Amores et al. 1998; Meyer and Schartl 1999; Blomme et al. 2006) . The R3 predicts that there should be two paralogous regions in teleost genomes that are co-orthologous of each human Hsa12 and Hsa17 Nos-neighborhood regions. Dotplot representations that compare 10 Mb genomic neighborhood surrounding each human Nos gene to the genomes of four teleosts (D. rerio, Gasterosteus aculeatus, Oryzias latipes, and Tetraodon nigroviridis) revealed that most fish orthologs of human Nos-neighbor genes were not randomly distributed throughout the genome but were mostly confined to two main paralogous chromosomes in each fish species: Dre5 and Dre8, Gac-GroupXIII and Gac-Group-XIV, Ola9 and Ola12, and Tni12 and Tni4 for Hsa12; Dre15 and Dre21, Gac-GroupI and Gac-GroupVII, Ola13 and Ola14, and Tni7 and Tni16 for Hsa17 (supplementary fig. S4, Supplementary Material online) . Therefore, teleosts further amplified the Nos family, although only two out of the four genes (one NosI/III and one NosII form) remained in teleosts today. Additionally, Nos evolved differently in the diverse fish lineages. An extra gene loss appeared to happen in the euteleosts because there are no NosII forms in G. aculeatus, O. latipes, and T. nigroviridis species, whereas an extra duplication in the lineage leading to zebrafish gave rise to the current NosIIa and NosIIb forms in this species.
Discussion
The history of Nos genes has been addressed by taking advantage of genomic and transcriptomic sequencing 
Structural Stability of NOS Proteins
All animal Nos genes and their protein products share similar features. This conservation has been maintained over more than 800 My of evolution (Wray et al. 1996; Gu 1998) , and it is currently observable at different levels. The aa sequence is highly conserved along the length of the protein, including binding sites, except for the Nterminal region (i.e., PDZ) and an internal segment in the middle of FMN-binding subdomain (inhibitory loop). For instance, human and cnidarian NOS sequences are 56.3-60.9% identical. In addition, intron positions and phases are highly preserved in animal Nos genes, at least 24 from placozoans to mammals, suggesting that these introns were already present in the ancestor Nos gene of Metazoa. Intron conservation has been previously described in slow-evolving lineages (Putnam et al. 2007; Srivastava et al. 2008 ), but it is found to be rare in fast-evolving species like Caenorhabditis elegans, D. melanogaster, and C. intestinalis (Raible et al. 2005) . Interestingly, Ciona and Drosophila Nos genes retain a significant number of intron positions (so far, Nos genes have not been identified in C. elegans), far from the average of intron retention estimated from the analysis of more than 5,000 conserved animal introns, 50% in Ciona and 15% in Drosophila (Putnam et al. 2007 ). To our knowledge, Nos gene structure represents one the best examples of intron preservation in animal evolution. From a genomic perspective, although changes in exon-intron structures appear to be predominantly dependent on lineage-specific trends (Yandell et al. 2006 ), a link between the rates of change in intron-exon structure and selective constraints on the protein has been suggested (Carmel et al. 2007) . Our analysis provides further support to the hypothesis that conserved genes tend to lose fewer introns than faster evolving genes (Carmel et al. 2007 ). It can be hypothesized therefore that Nos introns are important for Nos gene function, perhaps affecting expression, and are therefore under positive selective pressure. Moreover, the conserved structure of Nos genes defines an ''intron code'' that might be a diagnostic tool useful for future NOS assignments. The use of conserved intron codes has been revealed helpful to annotate and classify proteins when conventional methods like sequence alignments and phylogenetic reconstruction were elusive (D'Aniello et al. 2008 ).
The Ancestral NOS Isoform
Despite the structural conservation discussed above, evolution of Nos has been very dynamic in several other aspects, with recurrent episodes of gene duplications that might have led to the independent acquisition of novel functions in many lineages. Understanding the ancestral role of animal Nos and the newly evolved functions is, therefore, an issue of interest. Although NO and NOS protein activity has been associated to a variety of functions in invertebrates, including neurotransmission, immune responses, swimming, bioluminescence, response to environmental stress, defence, learning, feeding, bloodsucking, and development (Palumbo 2005; Rivero 2006; Godoy et al. 2006; Palumbo and d'Ischia 2007) , structural analyses suggest that invertebrate enzymes are mainly constitutive forms in terms of domain organization. A canonical neuronal identity is recognized across all taxa, including the placozoan Trichoplax adhaerens, one of the simplest free-living animals on our planet. The placozoan NOSA sequence pushes the neuronal-like configuration back in the evolutionary time to the early metazoan evolution. On the basis of an ancestral neuronal-like configuration, Nos duplications in different animal lineages might have allowed distinct enzyme specialization during evolution. Thus, NOS proteins devoid of the inhibitory loop might have arisen independently ( fig. 6 ) to accomplish an inducible-like role in vertebrates, cephalochordates, hemichordates, arthropods, cnidarians, and ctenophores. Alternatively, mixed properties of NOS have been described for some NOS enzymes. In B. mori, a constitutive Nos is induced in response to lipopolysaccharide treatments (Imamura et al. 2002) , and expression of a L. stagnalis Nos similar to vertebrate NosI is induced in the context of long-term memory formation (Korneev et al. 2005) . Some invertebrate NOS proteins would therefore be suitable to cover more than a single role in response to different stimuli and their regulation should be deeply investigated. In a similar manner, a typical endothelial character such as the myristoylation consensus sequence can be recognized in the neuronal NOS from the vertebrate P. marinus. Unfortunately, the lack of studies on the spatial expression of NOSA and NOSB in lamprey hampered any inferences concerning the putative endothelial functions of NOSB. Noteworthy, a myristoylation consensus sequence is reported in NOSIIb from D. rerio (Lepiller et al. 2009 ). This form has been suggested to perform functions comparable with the mammalian NOSIII, being preferentially expressed in the adult heart. In various NOS proteins along the phylogenetic scale, neo/subfunctionalization processes could be therefore envisaged as the result of the absence or presence of the structural features peculiar to each isoform, that is, PDZ domain, inhibitory loop, and myristoylation consensus sequence.
Evolution of NOS in Vertebrates
Invertebrate NOS isoforms share plesiomorphic characters with the vertebrate constitutive NOSI rather than the inducible NOSII. Although sequence similarity may suggest an earlier common ancestor between the invertebrate genes and the vertebrate NOSI gene cluster, phylogenetic and synteny analyses clearly demonstrate that the three vertebrate enzymes are equally related to the invertebrate NOS enzymes and, actually, that the three vertebrate enzymes arose from vertebrate-specific duplications ( fig. 3) . During phylogenetic reconstructions and ML mapping investigations (see Materials and Methods), the branching order of NOSI, NOSII, and NOSIII varied depending on the panel of NOS sequences engaged in the computation and the outgroup considered. ML outgroup comparison analysis based on solely vertebrate NOS sequences clustered the NOSIII and NOSII closer to each other than to NOSI (supplementary fig. S2 , Supplementary Material online). This topology is against the functional expectation of having the constitutive isoforms in the same cluster. Yet, a constitutive cluster was 100% supported during ML mapping investigations when only vertebrate isoforms were considered independently of outgroup ( fig. 5a ). Phylogenetic analysis based on a wider database of vertebrate and invertebrate sequences, supported the inducible NOSII basal to the aforementioned constitutive grouping (NOSI, NOSIII; fig. 3 ). This branching order regroups both constitutive forms as sister clades to one another and was further supported by ML mapping (fig. 5b,c) . We consider the latter branching order, which includes a larger number of ingroup taxa, to be the more accurate one.
Considering together the phylogenetic and synteny results of vertebrate Nos, we suggest the evolutionary model depicted in figure 6 . In vertebrates, an ancestral Nos gene was duplicated during ''R1''. Because only two syntenic regions remain in the human genome, we presume that the second copy of the ancient Nos gene was lost during early vertebrate evolution. Afterward, expansion of Nos genes in agnathans and gnathostomes would have separate origins. Whereas the agnathan Nos was amplified due to a lineage-specific duplication, the Nos gene was duplicated in the gnathostome ancestor due to the ''R2'' episode, generating the constitutive NosI/III and the inducible NosII genes as it is currently found in fishes. The NosI/III gene was further duplicated in the early tetrapod evolution and gave rise to the NosI and NosIII forms found nowadays from amphibians to humans ( fig. 6 ). After the fish-tetrapod split, NosII and NosI/III were duplicated again in teleosts by the ''R3,'' but only two of the four genes (one NosI/III and one NosII form) remain in the teleosts today. In parallel, in tetrapods, NosI/III was duplicated to give rise the current constitutive NosI and NosIII forms.
We cannot formally exclude other evolutionary possibilities-for example, that NosIII also arose by a large-scale duplication event-but in this case, a more complex pattern of gene gains and losses should be considered. For instance, if we assume that NosIII also arose due to the R2 process, it implies that 1) the NosIII gene was lost in fish and 2) that synteny surrounding human NosI and NosIII genes was secondary lost either by sequence degeneration or by translocation of the NosIII gene to a new chromosomal position. Further functional characterization of the NOS enzymes in sharks and lampreys combined with the identification of NOS enzymes in other jawless vertebrate such as hagfish will help to confirm or reject our evolutionary model.
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